Abstract Hybrid syntactic foams with AlSi12 aluminium matrix were produced by pressure infiltration. The volume ratio of iron to ceramic hollow sphere reinforcement (in the same size range) was varied, and hybrid syntactic foams were also produced with bimodal size ceramic reinforcement. Previously, a very detailed analysis of the mechanical properties of the composites was made with quasistatic compression tests, and their tribological properties were investigated by pin-on-disc method in dry and lubricated conditions. The present article establishes and clarifies the correlations between mechanical and tribological properties. The coefficient of friction, height loss of the specimens and specific wear showed good correlation with different mechanical parameters, e.g. density, structural stiffness and yield strength. The established trends and correlations between mechanical and tribological behaviour enable a better understanding of materials design and selection for further applications of mechanically loaded sliding machine parts.
Introduction
Metal matrix syntactic foams (MMSFs) originate from their polymer matrix counterparts, and they consist of a lightweight metallic matrix (usually some kind of aluminium alloy) and hollow spheres (normally ceramics or metallic). These foams are often considered as composite metallic foams (CMFs) too. MMSFs have outstanding specific properties among the porous materials. Due to the hollow spheres, their specific compressive strength and energy-absorbing capability are uniquely high [1] .
The most common loading condition for MMSFs is compression (e.g. collision dampers, brake parts, anti-shock buffers, blast absorbing armours); therefore, their behaviour under compressive loading has been widely studied. For example, Gupta et al. [2] [3] [4] [5] [6] [7] studied the quasi-static and high strain rate properties of various MMSF systems, such as AlAl 2 O 3 or more unique Al-SiC MMSFs. Rabiei et al. [8] [9] [10] developed CMFs with high energy-absorbing capacity and revealed that the high strain rate and the quasi-static strain rate tests can overlap each other. Fiedler and Taherishargh et al. [11] [12] [13] [14] [15] produced low-density and low-cost syntactic foams, by the combination of Al alloys and expanded perlite. The authors proved the applicability of this set of foams by numerous versatile investigations. More recently, hollow tubes were filled by their low-density MMSFs [16] . The mechanical tests of the tubes revealed high energy absorption capacity and improved mechanical stability. Lehmhus and Weise et al. [17] [18] [19] [20] and Castro et al. [21, 22] investigated high-strength, steel-based syntactic foams under different conditions and found that although the density of the produced foams is higher, it is compensated by their higher strength and energy absorption. Goel et al. [23] [24] [25] focused on the effect of strain rate on the mechanical properties. Xue et al. [26, 27] successfully applied powder metallurgy to produce Ti-based MMSFs that can be used in biomedical applications. All of the above-mentioned researches confirm that MMSFs can be produced with various matrix materials and hollow spheres and their compressive properties can be tailored to the requirements of the desired structural parts. Besides the constituents, the microstructure (detailed in [28] ) and the macrostructure [29] have decisive effect on the mechanical properties. For the investigation of the applicability of MMSFs for sliding machine parts (like bearings, pistons or cylinder bores), their tribological properties should be properly investigated, and furthermore, it would be important to see the connections of mechanical properties to tribological behaviour as well. For a variety of aluminium matrix syntactic foams (AMSFs) reinforced with fly ash or cenosphere (ceramic hollow spheres) [30] [31] [32] [33] [34] [35] [36] [37] [38] , dry wear characteristics and tribological properties were investigated with different methods; some of them are already in lubricated [30] conditions. The typical diameter of these reinforcements was less than 400 lm, and the density of the AMSFs was bigger than 1.9 gcm -3 . Some tribological data are available for hybrid (hollow sphere ? particle) reinforced AMSFs too [39] , but only a few for hollow sphere ? hollow sphere reinforced hybrid AMSFs [40, 41] , with larger reinforcement size (h [ 1 mm). Also no literature was found in which correlations between mechanical and tribological properties of AMSFs were considered; however, in tribology, it is an essential knowledge in many aspects [42] .
The main aim of our paper is to give data and broad support to: (1) further development of such porous materials in the aspect of tribological properties and (2) the successful application of AMSFs (construction, expected lifetime, etc.). As an additional feature, the properties of the AMSFs and their trends are presented in the function of their reinforcing constituents (depending on the ratio of ceramic to metallic hollow spheres). To achieve this goal, the measured tribological data of [41] and the mechanical properties of [48] were deeply analysed for correlations. The measured materials properties are detailed in the Materials and Methods section in detail.
Materials and Methods

Production of the AMSFs
As it was presented in detail in [41] , near eutectic AlSi12 alloy was chosen for the hybrid composites as matrix material, due to its good castability.
To produce the different AMSFs, two grades of ceramic hollow spheres and one grade of metal hollow sphere reinforcement was used. The larger ceramic (commercial name: Globocer, GC) and the iron spheres (commercial name: Globomet, GM) were in the same size range (between h1.4 and 1.9 mm) and were provided by the same manufacturer, the Hollomet GmbH (Germany) [43] , Germany. The smaller ceramic hollow spheres (commercial name: E-spheres, SLG) were produced by the Envirospheres Ltd. (Australia) [44] . The main properties of the matrix alloy and the hollow spheres are described in detail in [41] .
To produce the AMSF blocks for further investigations, low pressure infiltration was used. The infiltration pressure was 400 kPa, the temperature was 600°C, and the infiltration time was 15 s. This pressure infiltration set-up enables the highest reinforcement content whose theoretical value for spheres (randomly close packed) is about 64 vol% [45, 46] . More detailed description of the production method and the influence of the infiltration parameters is available in [28, 47, 48] .
Two types of hybrid composites were produced with this infiltration technique. (I) The first hybrids were reinforced hollow spheres in the same size range, but with different reinforcement ratio, the GM and GC hollow sphere grades were mixed from 100% GM-0% GC to 0% GM-100% GC in 20% steps of the achievable *64 vol% hollow sphere content. The specimens were designated after their reinforcement ratio, e.g. 80 GM-20 GC is a hybrid AMSF containing 80 vol% GM and 20 vol% GC grade hollow spheres (of the overall 64 vol% reinforcement content). (II) Another type of hybrid AMSF was produced with bimodal reinforcement size from the ceramic SLG and GC grade reinforcements (almost identical composition, but one order of magnitude difference in the average diameter) and was designated as SLG ? GC. In SLG ? GC samples, the calculated ratio of SLG reinforcement between the GC spheres was about 20 vol%. AMSF with pure SLG reinforcement was also produced, for investigation of the size effect of the reinforcement.
Specimens for metallography, compressive tests and tribology tests were machined from the AMSF blocks, to avoid side effects [49] ; the specimen size for mechanical and tribological tests was h14 mm in diameter.
According to the metallography of the produced AMSF blocks, the unwanted porosity (between the matrix material and the hollow spheres) is negligible, but note that cracks in the wall of some spheres may occur; therefore, some of these hollow spheres were maybe filled with matrix material during infiltration process. Detailed description of the metallographic investigations and properties of these types of AMSFs was already published [28, 40, 47, 48, 50] for visualization of the microstructures; the three different grades of hollow spheres can be observed in Fig. 1 . Both the small unwanted porosity and previously measured interfacial layers (*10 lm) indicate a good AMSF quality [48] .
Compressive Tests of the AMSFs
As it was mentioned in the Introduction, the main load type of the MMSFs is compression, also in sliding machine components. Therefore, compressive test was performed on a MTS 810 universal materials testing machine on cylindrical samples with h14 mm diameter and 14 mm height. The specimens and the tools were lubricated with anti-seize material with MoS 2 content. The compression tests were made in quasi-static condition with 0.01 s -1 deformation rate. The minimum number of 6 specimens was tested, and the average characteristic values were determined according to the DIN 50134:2008 standard. The investigated characteristic properties were the structural stiffness (S), the fracture strain (e c ), the compressive strength (r c ), the yield strength (r y ), the plateau strength (r p ), the fracture energy (W c ) and the absorbed energy (W 25% ). In the compressive stress-strain curve of AMSFs (engineering system), S is the slope of the initial curve, where the whole system is deformed only elastically. r c is the stress value of the first local peak in the stress-strain curve where the breakage (ceramic) and plastic deformation (iron) of the hollow spheres begin. r y was determined at 1% plastic strain; after this stress value, the densification of the foam begins, the ceramic hollow spheres break into smaller pieces, the iron ones deform plastically, and the plastically deformed matrix material fills the hollow spaces. In this densification region, r p was determined as the mean value between e = 5-25% deformation. The fracture energy (W c ) is the integral (area under the curve) of the stress-strain curve up to the fracture strain (e c , as the abscissa of r c ), and the absorbed energy (W 25% ) is the integral up to the end of the test (e = 25%). Note that the 100 GM-0 GC specimens had no local peak in the stress-strain curve; therefore, in this case, the r c value was replaced by r y [48] .
Pin-on-Disc Tribological Tests
For the investigation of the tribological behaviour of the produced hybrid AMSFs, pin-on-disc tests were performed. The pins were machined from the AMSF blocks with [ 14 mm diameter and 20 mm height. The sliding surfaces of the specimens were grinded on SiC grinding papers (till P2400 paper) under continuous water rinsing. The carbon steel counterpart disc (1.0244) was h 100 mm, with the chemical composition of 98.4 wt% Fe, 0.221 wt% C, 0.211 wt% Si, 0.913 wt% Mn, 0.0697 wt% Cr, 0.275 wt% other. The surfaces of the discs were ground to an average surface roughness of R a = 0.93 ± 0.321 lm and R z = 8.74 ± 3.00 lm with the hardness of 140 ± 3 HV10. Directly prior to the wear tests, both the surface of the specimens and the discs were cleaned with acetone and ethanol. For the tribological tests, a custom-made pin-ondisc machine [42] was used. The machine parameters were: (I) 98 N load generating 0.64 MPa nominal surface pressure and (II) sliding speed of 0.2 m s -1 . The tests were made in dry and lubricated conditions at ambient temperature. Before the lubrication test, 5 9 20 ll 10W40 mineral oil was applied on the surface of the discs along the sliding track and no further lubrication was added up to the end of tests. For more details, refer to our previous paper [41] . The following parameters were determined in dry and lubricated conditions for all the AMSFs and matrix material: COF in the steady state (determined with Origin software as an average value between 300 and 500 m sliding distance) (l SS ), specific wear in the steady state (determined between 300 and 500 m sliding distance) (v SS ), overall height loss of the specimens until 500 m sliding distance (Dh 500m ) and the difference of the surface roughness of the discs (DR a and DR z ) before and after the pin-on-disc test (the R a , R z values of the discs after the sliding tests were subtracted from the initial R a , R z values of the discs before the tests). The surface roughness of the discs was measured with a Mitutoyo SJ-201P surface roughness tester according to the ISO 4287:1997 standard.
To investigate the effect of the reinforcement size, type and ratio on the worn surfaces and subsurface areas, light microscope images were taken from the worn surfaces, and in cross section of the specimens, all the detailed metallography images and their evaluation were also introduced in our previous work [41] . In dry condition, the average wear groove depth and width (W depth and W width ) and also the deformed material depth (W deformed ) of AMSF pin specimens were measured. Note that, in lubricated conditions, the traces of the pin were too small and shallow to measure.
In this article, we show the connection between the tribological results and the compressive mechanical properties and the density of the hybrid AMSFs for further materials design and selection.
Results and Discussion
Some correlations between different material parameters such as density, compressive properties and tribological properties were determined; the type and parameters of the correlation are all listed in Table 1 . Because of the generally large scatter of the tribological data, we call ''good correlation'' in the cases where the coefficient of determination (R 2 ) of the fitted function was above R 2 C 0.8; for further evaluation, only these correlations were discussed.
Mechanical Properties
The measured densities (q AMSF ) of the AMSF blocks and the matrix material, determined by Archimedes method, are from 100 GM to 100 GC reinforcement of 1.38, 1.64, 1.65, 1.69, 1.74, 1.83 gcm -3 ; the densities of SLG ? GC, SLG and matrix material were 1.62, 1.38 and 2.65 gcm -3 , respectively. The densities of our AMSFs are considerably lower than the similar AMSFs investigated in the literature [30] [31] [32] [33] [34] [35] [36] [37] [38] (where q AMSF [ 1.9 gcm -3 ). The quasi-static compression tests showed significant difference in the characteristic properties of the AMSFs. Due to the higher elastic modulus of the ceramic hollow In case of GM-GC type AMSFs, linear correlation was established between the density and structural stiffness and between the density and strength values (r c , r y and r p ), respectively ( Fig. 2a, c ; Table 2 ).
Because of the significant increase of the strength values, the absorbed energy values also increased with the higher ceramic content (from 11.3 to 19.6 Jcm (SLG) to 9.5 Jcm -3 in case of SLG ? GC hybrid. In the case of GM-GC AMSFs, linear correlation was detected between the density and absorbed energy values ( Fig. 2e ; Table 2 ). During compressive loading, the ceramic type GC and SLG hollow spheres had no plastic deformation; the AMSFs simply ruptured along a shear plane closing 45°to the loading direction (the other parts of the specimen were almost unharmed). Compared to this, the pure iron GM spheres (they are also polycrystalline with grain size\10 lm [50] ) can bear large plastic deformation. This plastic deformation becomes dominant, resulting in diffuse plastic deformation of the whole specimen. It was typical in the GM-GC hybrid AMSFs from at least 80 vol% GM grade reinforcement. Therefore, the fracture strain decreased from 6 to 3.2% with increasing GC content in the GM-GC hybrids. The pure SLG specimen had larger fracture strain (9.6%)-because of the small sphere size-and it decreased with the addition of larger ceramic hollow spheres in the SLG ? GC hybrid. The SLG AMSF also had the highest fracture energy and absorbed energy which decreased in the SLG ? GC specimens, and in case of GM-GC hybrids, they had a minimum at 40 GM-60 GC reinforcement due to the complex effect of the above-detailed strength and strain behaviour. A good fitting of a polynomial function was found for both density and fracture energy, and density and fracture strain values ( Fig. 2b, d ; Table 2 ).
Tribological Properties
From the test results of our previous work [40, 41] , the following conclusions were drawn, which are the fundamentals of the present article about the trends between tribological results and material properties of AMSFs. In dry sliding conditions: (I) in case of GM-GC hybrid AMSFs, the COF increased with the ceramic reinforcement and the SLG ? GC AMSF showed the highest COF. (II) In steady state, the specific wear and the overall height loss of the specimens increased with the ceramic hollow sphere content. (III) The wear type was mainly abrasive caused by the broken, hard ceramic particles (in the wear debris) besides the metallic adhesion and depended strongly on the amount and size of ceramic particles of the broken GC and SLG hollow spheres. This ceramic particle amount increased with the higher volume fraction of GC reinforcement of the AMSFs. It was also observed that most of the larger-sized GM and GC type hollow spheres were filled with debris and plastically deformed matrix material. In oil-lubricated sliding conditions: (I) the COF was significantly less, and in case of GM-GC hybrid AMSFs, it slightly decreased with the higher ceramic reinforcement content and was less than the bulk matrix material. (II) The specific wear values were two orders of magnitude smaller; the height loss of the specimens was one order of magnitude smaller, compared to dry friction. (III) All hollow sphere grades remained open and acted as lubricant reservoirs and dispensers. The surfaces of the specimen became smoother, and the wear discs also showed no significant wear tracks. Although the AlSi12 matrix material had less wear rate and height loss compared to the AMSFs in dry condition, in lubricated conditions the obtained values were really close to some hybrid specimen, although they have significantly less real contact surface.
The exact values of the characteristic tribological parameters determined in dry and lubricated conditions were further evaluated, and correlations between the different mechanical properties were established (Figs. 3, 4, 5 and 6 ).
Correlations Between Mechanical and Tribological Properties
The tribological parameters were plotted in the function of the compressive mechanical parameters (Figs. 3, 4 , 5 and 6). With Origin software (e.g. Figs. 3 and 4 as function of the structural stiffness), correlations were searched. Table 1 lists the properties where good correlations could be found. Table 2 lists the parameters of the established correlation. The possible correlation between the mechanical and tribological properties often helps to predict the behaviour of different materials under a given condition [42] . The defined connections can be well explained on the basis of the adhesion theory of friction [51] ; the dry friction force F f is equal to the sum of adhesion (F a ) and deformation (F d ) components, F f = F a ? F d . Concerning the wear mechanism, the combination of adhesive, abrasive and third-body effects plays role. The detailed evaluations are as follows.
In Figs. 3 and 4 , the significant difference between the dry and lubricated conditions of the structural stiffnesstribological parameters-can be observed.
In dry condition, the increase of the structural stiffness also increases the COF (l SS ) and the specific wear values in the steady state (v SS ). This occurred due to the fact that under the given nominal load in the real contact zone, the deformation of the specimens with higher S values was less (more harder ceramic GC hollow spheres with greater wall thickness); therefore, besides the adhesion on the relatively smaller contact surface of the asperities, the deformation component of the less deformed microgeometry became dominant. This caused significant stress concentration in the real contact zone, which resulted in breaking off the porous specimen surface (more and more hard ceramic GC content), increasing the wear rate. The increased wear caused partially third-body abrasion also in the surface of the steel counterpart. This effect also reflected in the trends of the wear groove depth and width values determined on metallographic images. A decreasing trend (but not a good correlation) of deformed zone also can be seen because of the stiffer specimen and less contact zone.
As a function, between S and l SS and between S and v SS linear correlation was established, while between S and Dh 500m lognormal correlation was established (Tables 1,  2) .
In lubricated condition, the stiffer contact zone (due to the higher ceramic hollow sphere content with higher hardness and Young modulus) was beneficial, because the porosities could hold the lubrication better with less deformation than the surfaces with less structural stiffness and therefore with larger deformation. The better lubrication caused also less contact stress and wear.
As a function, between S and l SS linear and between S and v SS , exponential decay correlation was found to fit the best (Tables 1, 2 ).
The structural stiffness had no distinctive effect on the changes in the surface roughness of the discs (DR a and DR z ) neither in dry nor in lubricated condition (Figs. 3, 4) .
For further visualization, only the graphs with good correlation between mechanical and tribological parameters are plotted (Figs. 5, 6 ).
In case of dry sliding, a linear correlation can be observed between the density and height loss values of the GM-GC hybrids (Fig. 5a ). The increasing ceramic hollow sphere content-with higher density-decreased the overall height loss. It can be explained by the resultant effect of the greater adhesion in the contact zone and the auxiliary abrasion mechanisms.
Moreover, in case of GM-GC hybrid AMSFs, the increase of the fracture strain decreased the COF (Fig. 5c ): an exponential correlation was found. In the investigated system, at the given load and sliding speed the deformation component of the friction decreased because of the smaller plasticity (more GC with higher hardness, Young modulus and crush strength), while the adhesion component did not increased significantly. The increase in the fracture strain at the same time also decreased the wear and the number of detached particles from the specimens. Between r c and Dh 500m , linear correlation was observed (Fig. 5e ). In the aspect of wear, the yield strength has a distinct effect too. In case of GM-GC hybrids, the r c -v SS values as well as the r c -Dh 500m showed a polynomial correlation, where the values have a maxima at about r c = 90 MPa.
In oil-lubricated conditions, some correlations between tribological and mechanical properties can be established as follows (Figs. 5, 6 ). Investigating either the friction or the wear, it can be confirmed that behind the detected trends, the developed, sustained and efficient lubrication is decisive. The development of an efficient lubrication is a really complex process between (different) contact surfaces with different porosity, microgeometry, adhesive aptitude and deformability. The dominant factors of the investigated systems can be observed in Figs. 5 and 6. The COF decreasing effect of the higher density indicates more adherent lubrication on the contact surface (on the thicker walls of the GC grade hollow spheres). A polynomial correlation between . AMSF and l SS was found (Fig. 5b) . With increasing fracture strain, the COF also increases because of the higher deformation work (more plastically deformable iron hollow spheres GM in the AMSFs), increasing the friction. Between r c and l SS , exponential correlation was observed (Fig. 5d) . In case of GM-GC hybrids, the increase of the yield strength decreased the resultant friction (Fig. 6b) . The lubrication film minimalizes the adhesion, and the deformation component (more hard ceramic GC hollow spheres in the AMSFs, with higher hardness yield strength) of the friction decreased with higher yield strength of the AMSFs, therefore decreasing the resultant friction. Similar observations can be made in case of yield strength-specific wear (Fig. 6d) and plateau strength-COF relations Fig. 6e . In all cases (r y -l SS , r y -v SS , r p -l SS ), linear correlation was established for the GM-GC hybrid AMSFs. The GC ? SLG hybrid specimen usually differs from the other AMSFs because of its bimodal hollow sphere distribution; the real contact surface area is a lot smaller, and there is significantly less matrix material between the different hollow spheres. Therefore, the ceramic hollow spheres can detach from the surface easier, thus increasing the third-body abrasion. Also the wall thickness differs in two orders of magnitude. In case of the SLG samples, the real contact surface is also different and the distance between hollow sphere and matrix material (surface cavity distribution) was much less than in the case of the AMSFs reinforced with GM-GC spheres. The effects of these facts performed often strongly differ in tribological behaviour compared to GC-GM composites.
Conclusions
The previously obtained (by pin-on-disc tests) [41] tribological properties of AlSi12 matrix GM-GC and SLG reinforced hybrid AMSFs were investigated in comparison with their density and quasi-static compressive properties [48] . In many cases, good correlation (R 2 [ 0.8) was found between the investigated parameters. The phenomena were explained on the complex basis of the adhesion theory of friction, the mechanical properties of composite surfaces, Fig. 5 Correlation between a . and Dh 500m , c e c and l SS , e e c and Dh 500m in dry condition and between b . and l SS , d e c and l SS , f r c and l SS in lubricated condition the adhesive and abrasive wear mechanism altogether. From the test results and in the aspect of materials selection for mechanically loaded sliding machine parts, the following conclusions can be drawn:
• In case of GM-GC AMSFs, density correlated linearly with the structural stiffness, the fracture strength, the yield strength, the plateau strength and the absorbed energy values, respectively. A good polynomial correlation of second degree was also found between the density and fracture strain and between the density and fracture energy values. All of the before-mentioned properties increased with higher density, except the fracture strain and absorbed energy values.
As for the correlations with tribological properties in dry sliding conditions:
• With higher structural stiffness of the AMSFs, the COF and specific wear increased linearly and the overall height loss increased with a lognormal function.
• With higher density, the overall height loss increased linearly.
• With higher fracture strain values, the COF decreased exponentially and the overall height loss decreased linearly.
• Between the yield strength-height loss and specific wear values, a second-order polynomial correlation was established.
As for the correlations with tribological properties in oillubricated sliding conditions:
• In case of GM-GC AMSFs with higher structural stiffness, the COF decreased linearly, while the specific wear decreased exponentially. Fig. 6 Correlation between a r y and Dh 500m , c r y and v SS in dry condition and between b r y and l SS , b r y and v SS , e r p and l SS in lubricated condition
• A second-order polynomial decrement was established in the COF with higher AMSFs density.
• Higher fracture strain increased the COF exponentially.
• In the case of GM-GC AMSFs with higher strength values (compressive, yield and plateau strength too), the COF decreased linearly.
• With higher yield strength, the specific wear decreased linearly in case of the GM-GC hybrids.
The GC ? SLG hybrid samples significantly differ from the other AMSFs and therefore usually showed different tribological and mechanical properties. The main reason of this phenomenon can be found in their bimodal hollow sphere distribution. In this case, the real contact surface area is a lot smaller and there is a significantly less matrix material between the different hollow spheres.
Altogether these results enlighten the basic trends and correlations between mechanical and sliding characteristics of hybrid composites and enable to tailor not only the mechanical but also the tribological properties as well for further development and application of AMSFs.
